Viral vectors based on influenza virus, rabies virus (RV), and vaccinia virus (VV) were used to express large polypeptide segments derived from the Bacillus anthracis protective antigen (PA). For the infectious influenza virus vector and recombinant VV constructs, the receptor binding domain (RBD or domain 4) or the lethal and edema factor binding domain (LEF or domain 1) were engineered into functional chimeric hemagglutinin (HA) glycoproteins. In the case of the RV vector, the viral glycoprotein (G) was used as a carrier for RBD in an inactivated form of the vector. These constructs were examined by using multiple homologous and heterologous prime/boost immunization regimens in order to optimize the induction of ␣-PA antibody responses. Several immunization combinations were shown to induce high titers of antibody recognizing the anthrax RBD and LEF domains, as well as the full-length PA protein in mice. The heterologous prime/boost immunization regimens that involved an initial intranasal administration of a live influenza virus vector, followed by an intramuscular boost with either the killed RV vector or the VV vector, were particularly effective, inducing antigen-specific antibodies at levels severalfold higher than homologous or alternative heterologous protocols. Furthermore, sera from several groups of the immunized mice demonstrated neutralization activity in an in vitro anthrax toxin neutralization assay. In some cases, such toxin-neutralizing activity was notably high, indicating that the mechanisms by which immunity is primed by live influenza virus vectors may have beneficial properties.
Influenza virus has a number of properties that make it worthy of consideration for use as a viral vector for pathogens that have proven problematic with regard to vaccine development. In addition to the fact that influenza vaccines have an extensive history of safety in the human population and have well-established protocols for large-scale production of both live and inactivated forms, influenza vaccines have been shown to elicit strong mucosal and systemic responses as early as 2 to 6 days postvaccination that encompass both the humoral and the cellular branches of the immune system (4, 7) . The majority of neutralizing antibodies generated by influenza vaccines recognize the hemagglutinin (HA) glycoprotein on the viral surface, which has also been reported to have adjuvant-like effects when coadministered with viruslike particles (7, 19) .
We recently reported that the large segments of foreign antigens can be incorporated as inserts into the HA protein without deleterious effects on HA functions. Specifically, we evaluated chimeric HA proteins containing domains from the protective antigen (PA) of Bacillus anthracis, the causative agent of anthrax (17) . The PA protein is one of three protein components that constitute the anthrax toxin, the others being the lethal factor (LF) and the edema factor (EF). PA consists of 735 amino acids that fold into four structurally distinct domains ( Fig. 1a) (25) . Neutralizing antibodies have been shown to specifically target domains 1 and 4 of the PA (8, 33) . Domain 1 consists of amino acid residues 1 to 258, the first 167 of which are removed following cleavage by the protease furin after the binding of PA to the host cell receptor (25) . The remaining residues constitute domain 1Ј, which is responsible for binding the LF and EF components and is therefore referred to as the LF and EF binding domain, or LEF (36) . Domain 4 consists of 140 amino acids and is designated as the receptor binding domain (RBD), since it contains the determinants for binding to the host cell receptors, tumor endothelial marker 8 (TEM8) and capillary morphogenesis protein 2 (CMG2) (6, 22, 25, 27) . Previous work demonstrated that chimeric HA proteins expressing the RBD or LEF domains were able to express on cell surfaces in native oligomeric form and maintain HA functions required for host cell entry. In addition, the recombinant influenza viruses containing the chimeric HA/PA proteins were able to replicate to titers similar to those of wild-type viruses and the inserts remained genetically stable over multiple rounds of virus replication. Furthermore, mice immunized with a single intranasal (i.n.) inoculum of the recombinant chimeric viruses were shown to generate high antibody titers specific for the inserted PA fragments.
Similar studies were carried out utilizing a rabies virus (RV) vector, in which the RV glycoprotein was engineered to express the RBD domain (domain 4) from PA (30) . These studies showed that G/PA chimeric proteins were able to incorporate into virus particles and that mice immunized with live or inactivated forms of the RV vector mounted antibody responses recognizing the inserted RBD domain. After a single inoculation with the RV vector, the measured humoral responses were similar to those observed in mice immunized with 150 times that amount of recombinant PA alone. The RV G/PA vector was also shown to stimulate a Th2 type response when given at doses of 50 ng or more (30) .
Despite the induction of high levels of antibodies specific for PA by both the influenza virus and the RV vectors, we were unable to detect in vitro anthrax toxin neutralization activity in the sera of immunized mice following single administrations of antigen or homologous boost regimens. Therefore, the purpose of the present study was to examine the antibody responses induced by both the influenza virus and RV vectors, as well as a recombinant vaccinia virus (VV) vectors expressing HA/PA chimeric proteins, using alternative prime/boost strategies. Our results show that each vector was capable of inducing specific antibody responses and that a second inoculation with the homologous constructs yielded moderate antibody boosting effects. However, we observed a striking increase in PA-specific antibody titers following heterologous prime/boost approaches when using the influenza virus vector as the primary immunogen. Furthermore, using an in vitro toxin neutralization assay, we found that the immunization protocols involving influenza virus priming and heterologous vector boosting induced particularly high neutralizing antibody titers against the inserted domains. These results suggest that immunization regimens involving a primary immunization with live influenza virus vectors may induce initial immune response pathways that are advantageous for the production of antibodies directed against certain pathogens. Such broadly applicable approaches, and the mechanisms by which they operate, may warrant consideration for the design of novel vaccination strategies.
MATERIALS AND METHODS

Construction of plasmids and viral vectors.
The plasmids used for constructing the viral vectors utilized in the present study, as well as the generation and growth of these viral vectors, has been described previously (20, 30) . Briefly, for the chimeric LEF/HA and RBD/HA constructs, the HA gene from the H3 subtype influenza virus A strain A/Aichi/2/68 was used as the backbone, and the B. anthracis domain 1Ј (LEF) and domain 4 (RBD) regions of the PA gene were constructed by single-chain oligonucleotide extension with codons optimized for mammalian usage (13) . The chimeric genes were initially cloned into pRB21 to generate recombinant VVs for protein expression and functional studies (3), and these VV vectors were subsequently used for immunization studies as well. Recombinant infectious influenza viruses were generated by using the 17 plasmid system initially described by Neumann et al. (24) . For the RV construct, anthrax PA D4 was amplified from pGEM PA63 and cloned into pBS-STS to yield pD4-⌬ED (28) . The RV ectodomain fragment was ligated into pD4-⌬ED, resulting in pD4-E51. The recombinant RV expressing pD4-E51 was digested with BsiWI and NheI, and the D4-51 fragment was ligated to pSPBN, resulting in pSPBN-D4-E51. Recombinant RVs were recovered by using standard methods (9) .
Immunizations. Female BALB/c mice (6 to 8 weeks old) were purchased from Jackson Laboratories. The immunization dosages for each vector were based on optimization for each construct in the mouse system (20, 30) . The mice were infected with 10 5 PFU of the recombinant influenza viruses i.n., 3 ϫ 10 6 PFU of the recombinant vaccinia viruses intraperitoneally, or 10 g of inactivated RV virus SPBN-D4-E51 intramuscularly (i.m.) (5 g in each hind leg). For boosting experiments, the second vector was given 42 days after the priming immunization. For the mixed infections, the total PFU and routes of infection were the same. Influenza viruses for the i.m. immunizations were inactivated by treatment with ␤-propiolactone (18) . The mice were bled via cheek bleed at the times indicated, and the sera were collected after spinning at 13,000 rpm for 10 min in a tabletop centrifuge. The sera were stored at Ϫ80 C until use.
ELISA. Enzyme-linked immunosorbent assays (ELISAs) were performed as described previously (20) . Briefly, Nunc MaxiSorp plates (catalog no. 442404) were coated with 2.5 g per well of recombinant PA, RBD, or LEF (obtained from BEI Resources) or standard amounts of mouse IgG diluted in BSS buffer and kept at 4°C overnight. The following day, serum was added at different concentrations, and the plates were washed three times with phosphate-buffered saline (PBS)-0.2% Tween 20 before horseradish peroxidase-conjugated goat ␣-mouse IgG was added (Sigma catalog no. A4416). SigmaFast OPD tablets (catalog no. P9187) were used to develop the plates. The reactions were stopped with 0.1 N H 2 SO 4 , and the plates were read at 490 nm. Standard curves were constructed from the IgG standards, and antibody concentrations specific for the coating protein were calculated from these. Toxin neutralization assay. Toxin neutralization assays were performed as previously described (16) . Sera from the different groups of mice were pooled, serially diluted, and preincubated with 250 ng of rPA/ml and 50 ng of LF/ml (final concentrations). After 30 min, these were added to 96-well plates containing J774A.1 macrophage cells for 3 h. Then, 25 l of a 5-mg/ml concentration of MTT dissolved in PBS was added to the wells for 2 h at 37°C, at which time DMF/sodium dodecyl sulfate (SDS) was added to each well to lyse the cells. The plates were incubated overnight and then read at 570 nm the next day. The concentration of serum that protected 50% of the cells was determined by comparison to wells that did not receive toxin.
RESULTS AND DISCUSSION
Design of chimeric proteins and generation of viral vectors.
The constructs involved in the generation and expression of the chimeric PA proteins analyzed in the present study are outlined in Fig. 1 . Figure 1a shows the structure of the PA protein and highlights the individual domains. Based on structural considerations, coding regions for 90 residues corresponding to the LEF domain and 140 residues corresponding to the RBD domain were cloned for insertion into chimeric proteins. These were inserted near the N terminus of the HA protein ( Fig. 1b ), since it has been shown that this region of the protein is able to accommodate large polypeptide insertions in both H3 and H7 subtype HAs (14, 20) . The constructs were designed to express the inserted domains at the N terminus of the HA ectodomain following cleavage of the signal peptide ( Fig. 1c ). This site was selected because it is believed to best support the folding of the inserted polypeptide domains, as well as the HA backbone, into native structures based on structural observations. Initially, the HA/RBD and HA/LEF proteins were expressed by using recombinant VVs to verify cell surface expression, folding, and functional properties of the chimeric proteins. These VV recombinants were also used for some of the immunization regimens described below. The same chimeric HA/RBD and HA/LEF proteins were also used to generate infectious recombinant influenza viruses, which were shown to remain genetically stable and replicate to high titers in cell culture or embryonated eggs (20) . For the RV vector used in the present study, the RBD domain was inserted into the RV glycoprotein as an N-terminal replacement for most of the ectodomain (Fig. 1d ). As mentioned previously, these chimeric proteins have been shown to incorporate efficiently into infectious virions (30) .
Immune responses using homologous or heterologous prime/boost regimens. For the experiments involving influenza virus vectors, mice were inoculated i.n., and for the experiments involving inactivated RV, the mice were inoculated i.m. Groups of six mice were prebled and then inoculated with the influenza virus vector containing the chimeric HA/RBD protein (inf-RBD), the influenza virus vector with the chimeric HA/LEF protein (inf-LEF), a mixture of the two recombinant influenza virus vectors (inf-MIX), the RV containing the RBD domain (rab-RBD), or VVs expressing either HA/LEF (vv-LEF) or a mixture of HA/LEF and HA/RBD (vv-MIX). Mice were bled at days 28 and 42 and then boosted on day 42 with either the homologous vector or a heterologous vector. After the boost on day 42, blood was taken weekly up to day 77 (35 days postboost).
Sera from immunized mice were analyzed by ELISA to evaluate IgG reactivity to purified His-tagged LEF domain recombinant protein, His-tagged RBD domain recombinant protein, or complete recombinant PA protein. The data for these are shown in Fig. 2 and 3 . Specifically, Fig. 2 shows the data for the influenza virus and RV prime/boost experiments. The data for reactivity to each antigen are displayed on separate graphs for homologous ( Fig. 2a to c) or heterologous ( Fig.  2e to g) boost experiments to allow data points to be more easily distinguished. The data in Fig. 2a show that the antibody titers against the RBD domain following the homologous prime/boost regimens were specific, since there is no titer observed for the mice inoculated with the LEF constructs. The immunizations with inf-RBD alone or a mixture of inf-RBD and inf-LEF gave similar results and provided for the higher initial antibody responses than the rab-RBD vector, as measured on days 28 and 42 after inoculation. However, the boost effect was greatest for mice primed with inf-RBD or inf-MIX and boosted by i.m. inoculation with the RV vectors, which resulted in titers of ϳ10 4 ng of IgG/ml in sera following the boost. The reason for the rather moderate boost effect observed with the homologous influenza virus vector regimen is not known but may result from immunity to the influenza virus generated during the priming phase leading to the inhibition of replication with this live virus vector during the boosting phase.
As shown in Fig. 2b , all vectors were capable of inducing antibodies against purified recombinant PA protein. The results following homologous prime/boost regimens again show that the influenza virus vectors provided for higher initial responses, but the homologous RV protocol imparted a larger boosting effect. The ␣-PA data also highlight that the inf-LEF, as well as the inf-RBD, can induce significant antibody responses to intact PA. The ELISA data showing the reactivity of sera to purified His-tagged LEF protein (Fig. 2c) indicate that the antibody response induced specifically to this domain are quite robust, even following a single inoculation. All influenza virus constructs also induced sizable antibody responses to the HA component of the chimeric protein, and these data are presented as hemagglutination inhibition (HAI) titers in Fig.  2d and h.
The IgG antibody responses induced following heterologous prime/boost regimens are shown in Fig. 2e , f, and g. The striking feature of these results involves the magnitude of the antibody responses induced by priming with the influenza virus vectors followed by boosting with the RV vectors, which reached titers on the order of 10 5 ng/ml. This was ϳ1 log higher than those observed for the reciprocal RV/influenza virus regimen and ϳ4-fold higher than that determined for homologous prime/boost experiments with the RV constructs alone. This suggests that the influenza virus vector is advantageous compared to the other vectors tested with respect to the mechanism of immune system priming. This could be due to several things, such as its properties as a live replicating vector, the route of inoculation in the respiratory tract, or the types of antigen-presenting cells in these tissues. Single inoculations with the influenza viruses-LEF viruses once again generated strong ␣-LEF responses but, as expected, were not boosted by the RV containing the RBD domain.
Although boosting with homologous viruses resulted in modest increases in antibody titers, the more striking results observed in influenza virus-primed/RV-boosted mice suggests that a heterologous boost is needed in order to avoid preex- isting immunity to the original vector. This hypothesis is further supported by the ELISA data shown in Fig. 3 , which were obtained after boosting with the recombinant VVs described above, which express chimeric HA/RBD or HA/LEF proteins equivalent to those in the influenza virus vectors. These data indicate that the VV vectors were able to boost the ␣-PA and ␣-RBD antibody titers to levels similar to those seen with the influenza virus-primed/RV-boosted groups. The enhanced boost effect was also observed with the mice that were primed with inf-LEF and then boosted with vv-LEF, for which the serum titers were almost a log higher than those primed and boosted with inf-LEF alone (Fig. 3b) . These results suggest that a heterologous boost is necessary in order to achieve these high antibody levels.
Boost effects using alternative routes of inoculation. To examine whether the route of inoculation is responsible for the boost effects observed in Fig. 2e to g and Fig. 3 , groups of mice were primed with inf-RBD IN or rab-RBD IM and then boosted i.m. with one of these two vectors on day 51. The results from these regimens are shown in Fig. 4 . Naive mice immunized with either rab-RBD i.m. or ␤-propiolactone-inactivated inf-RBD i.m. showed similar antibody titers against RBD, demonstrating that the influenza virus vectors are immunogenic when given by this route. However, antibody levels were only slightly increased in mice that were primed with rab-RBD i.m. or inf-RBD i.n. and then boosted with inf-RBD i.m. In this experiment, high levels of ␣-RBD antibodies were again observed with the influenza virus i.n./RV i.m. regime, confirming the data from the experiments detailed in Fig. 2 . These data suggest that it is unlikely that the route of inoculation alone is responsible for the increased titers observed in the inf-RBD-primed/rab-RBD-boosted mice. Perhaps, in inac- tivated form, the RV vector displays the antigen more effectively or persists for a longer period of time.
In vitro toxin neutralization. The ability of serum obtained in the experiments detailed in Fig. 2 and 3 to neutralize anthrax toxin in vitro was assessed by using an MTT cell viability assay with J774 macrophage cells (26) . In this assay, a neutralization titer greater than 100 is considered positive, and anything less than that is reported as Ͻ100. The results of this assay using pooled sera from different groups of mice taken at day 28 postprime and days 56 or 77 (days 14 and 35 postboost) were analyzed and are shown in Table 1 . No neutralization was observed for mice that were primed with rab-RBD regardless of the time point or immunization protocol. Similarly, no neutralization was seen in mice that were primed with the inf-LEF vector, even though the mice that were boosted with vv-LEF displayed very high ␣-LEF titers (Fig. 3 ). This suggests that ␣-LEF antibodies alone may not be neutralizing in a BALB/c mouse background. In contrast, neutralizing activity was detectable with mice that were primed with a mix of inf-LEF and inf-RBD (inf-MIX) and boosted with either rab-RBD or a mix of vv-LEF and vv-RBD (vv-MIX). The only group that demonstrated any neutralization activity prior to being boosted was the inf-RBD-primed group. This is not surprising since it correlates with the slightly higher antibody titers observed in these mice by ELISA at this time point (Fig. 2, 3, and 4 ). Neutralizing activity remained detectable at day 14 following a homologous boost with inf-RBD but had waned by day 35. The most striking results can be seen in the mice that were primed with inf-RBD and then boosted with rab-RBD. These mice had a neutralizing titer of 1,038 on day 14 postboost, and this increased to 7,039 by day 35 . The observation that the neutralization titers increased for this group, whereas the total specific antibody detectable by ELISA decreased (Fig. 2) , is noteworthy. Potential explanations for this may involve B-cell affinity maturation or somatic hypermutation in germinal centers during this time. As noted above, it is also possible that persistence of antigen with the RV vector could play a role as well.
Although the ␣-LEF antibodies were not shown to be neutralizing in these experiments, the correlates of toxin neutralization from challenge by live BA appear to vary with the animal model and genetic background. Indeed, ␣-LEF antibodies have been shown to be protective in C57BL/6 mice immunized with a purified form of this domain, and two monoclonal antibodies with toxin-neutralizing activity were shown to recognize distinct epitopes within this domain (2) . The lack of neutralizing ability with ␣-LEF sera observed here could be attributed to the use of BALB/c mice, since the responses to all domains have been demonstrated to be variable depending on the genetic background of immunized mice (1) . Using a killed, but metabolically active (KBMA) form of BA, Skoble et al. demonstrated the protection of mice against live spore challenges even though the ␣-PA antibodies in the sera were measured at levels of ϳ10 3 ng/ml (29) . This concentration is considerably lower than the antibody titers generated in our study, although other factors were also likely to be involved in the protective effects of the KBMA vaccine. Other studies suggest that the mouse model utilized here is not ideal for animal protection studies, particularly with regard to the role of ␣-PA responses (15, 34) .
Despite these issues, there is clearly a need to continue exploring alternative vaccine strategies for protection against anthrax. Presently, there is only one U.S. Food and Drug Administration-approved vaccine against anthrax available in the United States, the anthrax vaccine absorbed (AVA). For several reasons, including the requirement of five or six immunizations over the first 18 months and yearly boosts thereafter (32) , AVA is less than ideal, and a number of strategies have been explored over the past several years to express or deliver PA, or components of it, in efforts to improve the costs, logistics, and efficacy of anthrax vaccines (5, 10, 12, 21, 35) . However, to date, none of these strategies have demonstrated sufficient efficacy to replace the AVA. For these reasons, we will continue the examination of our constructs, and immunization protocols in alternative animal models, for both the induction of toxin neutralization activity and protection from a BA spore challenge, are being planned.
Importantly, we demonstrate here that simultaneous immunization with two homologous vectors, one containing the LEF domain and the other the RBD domain, results in antibodies against both domains and that both responses can be boosted by heterologous vectors (Fig. 3 ). This could prove beneficial when immunizing more heterogeneous populations, including humans who have multiple major histocompatibility complex alleles. As with any vector-based immunization approach, preexisting immunity to the vector must be considered. For RV, we previously showed in mice and rhesus macaques that preexisting immunity against RV completely blocks a second infection with RV (11, 23, 31) . However, such preexisting anti-RV immune responses do not affect the immune responses against boosting with killed virus carrying a foreign antigen in their virions (data not shown). In addition, the seroprevalence for RV is low in humans, as it is for VV among people under 40 years of age in the United States. With regard to influenza 
Wild-type influenza virus Ͻ100 Naive serum Ͻ100 a The mice were primed with the indicated virus on day 0 and then boosted with the indicated virus on day 42. The anthrax toxin neutralization titers at days 28, 56, and 77 are shown. The titers are expressed as the reciprocal of the dilution that protected 50% of the cells in an MTT assay (see Materials and Methods). A neutralizing titer less than 100 is considered negative and is reported as Ͻ100.
b "Day" refers to days after initial inoculation.
VOL. 84, 2010 INFLUENZA VIRUS VECTORS FOR PRIMING IMMUNITY 8305 virus HA-based vectors, the expanding structural knowledge of the 16 HA subtypes should make it possible to construct influenza virus vectors with subtypes to which humans have limited preexisting immunity. Indeed, preexisting immunity to influenza virus vectors may not pose the problems that are envisaged, since drift strains appear capable of reinfecting individuals on a regular basis despite minimal changes to antigenic sites of HA. In relation to this, we have carried out a related set experiments involving responses to influenza virus HA vectors in mice that have been previously infected with viruses containing alternative surface antigens, and we have shown that whereas preexisting immunity does in fact dampen responses to homologous infection, it is possible to modulate immune responses to the insert when alternative HA and NA proteins are used (data not shown). It is interesting that none of the sera from mice primed with rab-RBD demonstrated neutralization capacity, regardless of the immunization protocol. This suggests that the mechanism by which i.n. infection by live influenza viruses prime the immune system in this mouse model provides a desirable effect. Several factors could be responsible for this, including the properties of a live vector versus an inactivated vector, or possibly the species or environment of antigen-presenting cells encountered in the respiratory tract. These issues merit further examination, since they may be relevant for the design of immunogens unrelated to those examined in the present study. Furthermore, the utility of using chimeric influenza virus and RV vectors such as those described here is not limited to a single pathogen but can be broadly applicable.
